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FOREWORD 


Due  to  an  error  In  Design  Research  Report  No- 
1030!  dated  June  1947,  It  has  been  found  necessary 
to  replace  completely  the  report  by  the  following 
report. 


TABLE  OF  CONTENTS 


Introduction  .  1 

Summary  .  1 

Conclusions . - . 2 

Recommendations.  .......  .  <  .  4 

Symbols . . . . 5 

Analysis  .  6 

A.  Aerodynamics  .........  .  6 

B.  Engines . .  9 

I.  General  Considerations  .  9 

II.  Specific  Engine  Hypotheses  .  .  10 

Turbo-Jet . 10 

Turbo-Jet  with  Afterburning . 12 

Ram-Jet . . . 12 

Pulse-Jet . . . .  .  .  14- 

Rocket  . 21 

Illustrative  Example  of  Use  of  Charts . 21 

References . . . 24 


Figures 


Altitude 


Mach 

Number 


1  Ratio  of  Weight  of  Engine,  Fuel, 
Tanks,  ana  Structure  to  Initial 


Gross 

Weight 

Versus  Range 

S.L. 

•  5 

2 

N 

ii 

M 

M 

N 

S..L. 

m 

10 

3 

N 

N 

N 

N 

H 

S.L. 

1.0 

4 

M 

M 

M 

H 

M 

S.L. 

1.5 

5 

N 

N 

N 

M 

M 

S.L. 

2.0 

b 

M 

H 

M 

H 

N 

S.L. 

2.5 

7 

N 

II 

N 

II 

N 

S.L. 

3.0 

a 

N 

M 

N 

II 

N 

25,000 

.5 

9 

N 

N 

II 

N 

N 

25,000 

.S5 

10 

N 

M 

N 

II 

II 

25,000 

1.0 

li 

M 

II 

N 

II 

N 

25,000 

1.5 

CC'TIILKTIAL 


1 


1590 


TABLE  OF  CONTENTS  (Cont'd) 


Figures 

Altitude 

Mach 

Humber 

12 

Ratio  of  Weight  of  Engine,  Fuel, 
Tanks,  and  Structure  to  Initial 
Gross  Weight  Versus  Range 

25,OOC 

2.0 

13 

UN  N  N 

25,000 

2.5 

14 

II  It  N  N 

25,000 

3.0 

15 

N  M  N  N 

35.332 

.5 

16 

N  N  N  N 

35.332 

.85 

17 

MM  N  N 

35,332 

1.0 

16 

N  N  UN 

35.332 

1.5 

19 

N  N  N  N 

35.332 

2.0 

20 

UN  N  N 

35,332 

2.5 

21 

35,332 

3.0 

22 

N  N  N  N 

50,000 

.5 

23 

N  N  N  N 

50,000 

.85 

24 

H  N  N  N 

50,000 

1.0 

25 

N  N  N  N 

50,000 

1.5 

26 

N  N  N  N 

50,000 

2.0 

27 

M  H  N  N 

50,000 

2.5 

26 

II  N  HU 

50,000 

3.0 

29 

N  N  N  N 

70,000 

.5 

30 

N  N  N  N 

70,000 

.85 

31 

HU  H  N 

70,000 

1.0 

32 

n  h  nr 

70,000 

1.5 

33 

N  H  N  H 

70,000 

2.0 

34 

N  II  N  N 

70,000 

2.5 

35 

36 

N  N  «  H  N 

Upper  Bounds  of  Attainment  for 
Aircraft  with  Varlouc  Engines 

70,000 

S.L. 

» 3*° 

Percentage 

Payload 

.0 

37 

N  H  N  N 

N 

S.L. 

15 

33 

H  H  II  II 

N 

S.L. 

30 

39 

N  H  N  H 

N 

25,000 

0 

4o 

N  N  II  II 

N 

25,000 

15 

41 

N  N  N  4 

N 

25,000 

30 

I 


CCX1- 1  LEI  IT  I/.L 


11 


J5»OC 


I 


% 


t 


TABLE  OF  CONTENTS 

(Cont'd) 

Figures 

Altitude 

Mach 

Number 

42 

Upper  Bounds  of  Attainment  for 
Aircraft  with  Various  Engines 

35.332 

0 

43 

a  a  «  « 

35.332 

15 

44 

N  N  N  N 

35.332 

30 

45 

N  M  M  N 

50,000 

0 

46 

M  N  N  N 

50,000 

15 

47 

N  N  N  N 

50,000 

30 

46 

NUN  N 

70,000 

0 

49 

N  N  N  N 

70,000 

15 

50 

N  N  N  M 

70,000 

30 

51 

Optimum  Engine  Choice  for 

Regions  of  Operation  if  Ram- 
Jet  F/A  Ratio  s  0.03 

3.L. 

52 

INN  N 

25,000 

53 

N  N  N  N 

35.332 

54 

N  N  N  N 

50,000 

55 

N  N  N  N 

70,000 

56 

Optimum  Engine  Choice  for 

Various  Regions  of  Operation 
if  Ram-Jet  F/A  Ratio  s  O.Ol 

S.L. 

57 

NUN  N 

25,000 

58 

N  M  N  N 

35,332 

59 

ft  ft  ft  ft 

50,000 

60 

ft  ft  ft  ft 

70,000 

61 

Drrg  Coefficient  Ve.  Mach  No. 

62 

Maximum  Lift/Dreg  of  Vehicle 
vs.  Mnch  No. 

63 

Ram-Jet  Specific  Fuel  Consump¬ 
tion  (#/Hr ./#)  for  F/A  s  0.01 
vs.  Ksch  No. 

64 

Ram-Jet  Specific  Fuel  Consump¬ 
tion  (<r/Hr./#)  for  F/A  3  0.03 
vs.  Mach  No. 

65 

Pulse-Jet  Specific  Fuel  Con¬ 
sumption  (if/Hr./i(t)  vs.  Msch  No. 

confidential 


Page 


ili 


I 


INTRODUCTION 

Thie  report  ms  prepared  in  response  to  s  request  of  the  Power  Plant 
Division  of  BuAer  for  a  comparative  etudy  of  five  power  plant  types;  turbo-jet, 
turbo-jet  with  afterburning,  rom-Jet,  pulee-Jet,  and  rocket,  for  uee  in  pllot- 
leee  aircraft.  A  lees  extensive  study  of  thie  nature  wae  prepared  by  Diela^ 
of  Marquardt  Aircraft  Company.  In  Diels'  report  no  ooneideration  was  given 
to  the  aircraft  design  and  one  might  conclude  from  the  graphs  that  it  is 
possible  to  construct  a  vehicle  which  could  fly  any  prescribed  distance  at  a 
given  velocity  and  altitude.  This  may  or  may  not  be  possible.  Surely,  there 
are  upper  bounds  of  attainment.  Several  other  reports  have  been  written  upon 
the  comparison  of  'the  types  of  engines  for  aircraft  performance.  However, 
most  of  them  have  not  mentioned  upper  bounds,  only  relative  bounde,  some  of 
which  may  be  beyond  the  attainable  limits.  Driggs1^  -cport  on  comparison 
of  three  types  of  engines  for  piloted  aircraft  is  a  notable  exception.  In  his 
report  hs  glvss  upper  bounde  of  attainment  for  two  types  of  aircraft. 

Another  thing  has  been  common  to ‘all  previous  reports.  The  comparisons 
have  been  based  upon  a  single  engine  within  each  type  operating  throughout  the 
entire  range.  It  is  clear  that  the  results  based  upon  thlB  hypothesis  could 
not  give  the  optimum  regions.  Practically,  this  might  be  sound  from  a  develop¬ 
ment  standpoint  after  it  hae  been  clearly  demonstrated  that  the  individual 
engines  are  the  best  for  moat  tactical  problems. 

This  report  attempts  to  estimate  upper  bounds  of  attainment  based  upon 
certain  optimistic  design  assumptions.  In  the  analyale  both  the  airplane  and 
its  engine  have  been  tailored  to  fit  the  particular  range  and  speed  required. 
Ths  aircraft  and  the  power  plant  are  assumed  continuous  functions  of  the  velo¬ 
city,  range,  and  altitude.  A  change  in  any  one  of  the  latter  variables  pro¬ 
duces  a  change  in  the  vehicle  and  engine. 

SUMMARY 

This  report  deals  with  the  comparison  of  the  five  types  of  engines  as 
applied  to  the  special  problem  of  propelling  an  air  vehicle  in  level  flight 
at  a  constant  speed .  The  five  engines  considered  are  the  turbo-jet,  turbo-jet 
with  afterburning,  rom-Jet,  pulse-jet,  and  liquid  rocket.  The  study  covers 
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the  Intervals  of  Mach  number  .5  to  3,  range  from  0  to  4,000  nautical  miles,  and 
altitude  from  0  to  70,000  feet. 

It  la  assumed  that  the  vehicles  are  brought  to  the  altitude  and  speed  by 
an  external  booster  rocket;  the  airframe  is  constructed  so  as  to  give  Its  maxi¬ 
mum  lift/drag  ratio  at  the  velocity  and  altitude  of  flight;  and  there  are  an 
infinite  number  of  engine  units  so  that  the  power  can  be  continually  reduced 
ae  ths  weight  is  reduced  by  cutting  out  engines  Instead  of  throttling  them. 

It  le.  further  assumed  as  indicated  in  the  Introduction  that  the  engines  sure 
deelgned  specifically  for  each  speed,  altitude,  and  range  so  as  to  give  optimum 
obtainable  performance. 

From  these  hypotheses  the  percentage  of  the  Initial  gross  weight  required 
for  the  engine,  the  airframe  etructure,  the  fuel,  and  the  tanke  are  each  de¬ 
termined  for  a  series  of  Mach  numbers,  altitudes,  and  range.  The  sum  of  these 
four  percentages  are  plotted  as  a  function  of  the  range  in  Flge.  1-35-  Ob¬ 
viously,  a  mission  esnnot  be  accomplished  In  the  prescribed  manner  when  the 
sum  of  these  percentages  exoeeds  100.  In  any  case  ths  percentage  q f  payload  Is 
equal  to  100  per  cent  minus  this  sum.  (Payload  consists  or  all  other  items 
In  the  aircraft  other  than  tanks,  fuel,  engine,  engine  accessories,  and  etruc¬ 
ture).  Ths  aforementioned  working  graphs  were  employed  to  obtain  upper  bounds 
of  attainment  for  the  aircraft  with  various  percentages  of  payload  for  each 
of  the  engines.  The  bounde  are  presented  In  Flge.  36  to  50.  These  charts 
were  utilized  to  determine  the  best  engine  for  a  given  region  as  shown  In 
Figs.  51  to  60,  where  best  engine  means  the  engine  which  admlte  the  leaet  ini¬ 
tial  gross  weight  of  the  aircraft  to  accomplish  the  mission.  From  the  graphe 
It  le  sesn  that  the  turbo-jet  predominates  the  subsonic  region  with  the  ram-jet 
and  pulse-Jst  close  competitors  in  the  supersonic  region. 

The  effect  of  fuel/alr  ratio  Is  very  Important  In  the  performance  of  the 
airflow  engines.  3lnce  the  lowest  fuel/alr  ratio  for  continuous  combustion 
In  the  ram- Jet  le  questionable,  the  computations  were  made  for  two  fuel/alr 
ratios,  .01  and  .03.  The  results  show  that  the  lower  of  these  two  fuel/alr 
ratios  glvee  the  best  performance. 

The  weights  and  the  specific  fuel  consumptions  of  the  turbo-jets  and  the 
turbo-Jsts  with  afterburning  employed  here  are  baaed  upon  studies  made  in  the 
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Design  Research  Division.  The  results  will  be  published  later  In  DR  Report  Ho. 
1032^.  The  wslghte  for  ram- Jet  are  essentially  those  given  In  Diels'  report. 
(Spot  checks  Indicate  these  values  are  quite  optimistic).  The  weights  of  the 
pulse  motor  are  comparable  to  those  for  the  ram- Jet,  and  the  specific  fuel 
consumption  le  the  optimum  under  the  assumptions  outlined  In  this  report. 

Rooket  data  were  obtained  from  the  specification  for  the  RMI  A6000C4  engine^. 

CONCLUSIONS 

The  results  given  here  are  goals  and  are  truly  beyond  existing  development. 
Even  with  intensive  development  it  le  not  very  probable  that  these  upper  bounds 
will  be  attained  in  the  near  future.  Here  It  was  assumed  that  all  component 
parts  have  their  peak  performanoe  throughout  the  operating  time.  This  cannot 
be  accomplished  In  practice.  The  assumption  of  Infinite  number  of  engine  unite 
oan  at  best  be  approximated.  The  assumptions  on  engine  weights  and  the  low 
fuel  ratios  have  a  pronounced  affsot  on  the  range;  In  case  either  cannot  be 
accomplished,  the  picture  would  be  changed.  Nevertheless,  the  working  curves, 
Tigs.  1-35.  glva  a  clear  plotura  of  the  relative  merltB  of  each  engine  even  If 
the  upper  bounds  of  range  are  several  hundred  miles  too  high. 

Since  the  weights  of  the  engines  do  have  such  an  Important  erfect  upon  the 
maximum  ranges,  a  more  thorough  study  le  being  made  of  the  welghte  of  ram- jets. 
The  values  used  here  for  the  ram-jet  are  of  the  same  order  of  magnitude  as 
those  In  Marquardt's  report;  and  there  are  Indications  that  they  are  optimistic 
at  high  Mach  numbers  and  may  be  In  error  by  a  factor  as  great  as  five  or  ten. 

However,  the  percentage  of  engine  weight  le  so  small  that  a  greater  error  would 

reduce  the  maximum  range  by  only  a  small  amount.  (This  amount  la  a  function 
of  the  percentage  payload,  but  400  nautical  mllee  Is  a  rough  figure).  On  the 

other  hand,  the  welghte  of  the  turbo-jet  at  low  Mach  numbers  might  be  slightly 

greater  than  those  required  for  an  expendable  engine. 

It  must  not  be  concluded  that  the  rocket  engine  le  of  little  value  for 
pilotless  aircraft  propulsion.  The  conditions  of  level  flight  at  constant 
speed  and  rocket  propulsion  are  not  harmonious  conditions.  The  other  engines 
would  be  equally  bad  If  the  problem  had  epeolfled  a  wide  range  of  operating 
speeds  and  altitudes,  for  then  the  ram  pressure  recovery  would  not  be  so  effi¬ 
cient.  Moreover,  If  the  problem  Included  the  climb  and  acceleration  portions 
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of  the  flight  path,  the  rocket  would  compare  much  more  favorably,  furthermore, 
If'  the  flight  path  would  be  included  as  a  parameter  In  determining  the  optimum 
engine  then  the  rocket  may  be  the  bast  for  a  greater  number  of  situations. 

It  must  be  stressed  further  that  while  the  rocket  is  known  to  operate 
under  all  of  the  conditions  assumed,  the  other  engines  have  not  been  tested  at 
all  of  these  conditions.  If  the  ram-jet  engine  Is  to  be  employed,  it  will  re-# 
quire  a  booster  for  initial  launching.  Hence,  research  on  rocket  motors  should 
be  continued. 

RECOMMENDATIONS 

Since  tha  pulse-jet  Is  definitely  superior  to  the  ram-jet  In  a  given 
region  and  Is  a  close  competitor  In  the  other  regions.  It  le  reoommended  that 
more  stress  be  placed  upon  the  research  of  pulse  motors. 

It  Is  further  recommended  that  this  study  be  continued  to  Include  the 
weight  of  the  booster  rockets  and  thereby  evaluate  the  overall  gross  weight 
necessary  for  ths  vehicles  to  dsllver  a  given  payload.  Then  compare  this  with 
the  gross  weight  of  a  rockst  propelled  vehicle  which  delivers  the  same  payload 
to  ths  earns  final  point  but  travels  along  a  course  more  suitable  for  the  rooks* 
performance. 


SYMBOLS 

velocity  of  sound  at  sea  level 
«Ra  equivalent  aspect  ratio 
b  wing  span  -  ft. 

c  speolflc  fuel  consumption  -  lbs. /hr. /thrust  horsepower 

C  specific  fuel  consumption  -  lbs. /hr. /lb.  of  thrust 

Cp  drag  coefficient 

C,j,  thrust  coefficient  for  rocket  motor 

c  •  an  average  specific  neat  for  gas  at  constant  pressure 
P 

cy'  an  average  specific  heat  for  gas  at  constant  volume 

D  total  drag  of  airplane  -  lbs. 

e  airplane  efficiency 

2 

f  equivalent  parasite  area  -  (ft.) 
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SYMBOLS  (Cont'd) 


p 

g  acceleration  due  t.o  gravity  -  ft/sec, 

'specific  enthalpy  of  gas  (1=1,  2,  3,  4)  -  BTU/lb. 

H  heating  value  of  fuel  -  BTU/lb. 

3  mechanical  equivalent  of  heat 

L  total  lift  of  airplane  -  lbs. 

M  free  stream  Mach  number 

free  stream  Kach  number 

K  number  otageo  of  compressor  in  the  turbo-jet  engine 
o 

NT  number  etagee  of  turbine  in  the  turbo-jet  engine 

2 

P  ambient  pressure  -  lbs. /(in) 

°  •  2 
P  total  pressures  (l  =  1,  2,  3,  4)  -  lbe./(ln) 

1  p 

F  combustion  chamber  preeeure  of  rocket  motor  -  lb*. /(in) 
c  0 

p  relative  pressure  (base  at  400  R) 
r 

R  range  -  miles 

gas  constant  (pre-combustion) 

R  gae  constant  (post-combustion) 

2  o 

a  specific  entropy  -  (BTU/lb./  R) 

2 

3  wing  area  -  (ft.) 

T  thruet  -  lbs. 

total  temperature  (i  =  1,  2,  3,  *0  ”  Ranklne 
u^  epeciflc  internal  energy  of  gae  (  1  t  1,  If)  -  BTU/lb. 

V  velocity  -  mph 

▼  velocity  -  ft. /sec. 

v  Jet  velocity  t  ft./eec. 

J 

V  gross  welgnt  -  lbs. 

initial  gross  weight  -  lbs, 

•i  final  gross  weight  -  lbe. 

1 

W  weight  of  air  for  air  flow  engines  -  lbe/eee. 
a 

kg  weight  of  engine  -  lbe. 

Up  total  weight  of  fuel  -  lbe. 

fuel  consumption  -  lbs. /esc. 

w  welgnt  of  structure  -  lbs. 
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SYMBOLS  (Cant'd) 


weight  of  fuel  tank*  -  lbs. 

ratio  of  density  of  air  at  altltuda  to  tha  density  at  aaa  level 

ratio  of  praaaura  of  air  at  altltuda  to  the  pressure  at  aaa  level 

ratio  of  temperature  of  air  at  altltuda  to  tha  temperature  at 
aaa  level 

ratio  of  apaolflo  haat  of  gaa  at  oonatant  praaaura  to  apaolflo 
haat  at  oonatant  volume 

valve  Intake  effloleney 

eombuatlon  effloienoy 

dlffuaar  affloianoy 

fual/alr  ratio 

ratio  of  average  apaolflo  haat  of  gases  at  ocnataat  praaaura  to 
average  apaolflo  haat  of  gaaaa  at  oonatant  velta» 


A.  Aerodynamic a 

Tha  generalised  drag  ourva  (•)  aa  obtained  from  tha  approximation  of  an 
airplane  polar  by  a  parabola  la 

/  W)8 

(i)  d  .  .coses  f<rv8  ♦  , 

ff'T 

where  V  la  atatuta  milea  par  hour,  f  la  tha  equivalent  paraalta  area,  V  la  tha 
aircraft  weight,  b  la  tha  wing  span,  and  a  la  tha  airplane  affloianoy.  This 
relation  may  ba  utilised  to  obtain  the  ratio  of  the  thruat  to  tha  groaa  weight 

&  9 

required  for  flight.  The  aubstltution  O’  *  -g  ,  f  »  CDS,  (be)  e  s  AR#  and 
V  s  a0  M  (aQ  tha  valoolty  of  aound  at  ssa  level  In  mllaa  par  hour)  and  the 
dlvlaion  of  both  aides  of  tha  squatlon  by  W  yields 


1,487  C  M8  6  • 

<*>  1  a  _ 5 _  * 


wfaloh  bolds  for  auhoonla  flow 


Tha  corresponding  formula  for  supersonlo  flow  la 
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(2*)  T  _  °P  **  f  .0001886  W/3  V||2  -  l 

"  if  H2  S 

3 

Thl»  study  requires  the  determination  or  the  maxima  range  attainable. 

For  this  work  It  le  suitable  to  utilise  Breguet's  formula 

«’>  “<«.».«.  .11..)  -  ««-5  i  I  'loe10  ^ 

where  c  Is  the  specific  fuel  consumption  in  lbs.  per  hour  per  thrust  horsepower. 
*o  Is  Initial  gross  weight,  and  Is  the  final  gross  weight  or  *  W0-*f,  and 

l/D  Is  an  average  value  determined  by  the  mean  value  of  W/s.  When  written  In 
terms  of  the  variables  employed  In  this  report  It  becomes 

^  R( nautical  miles)  ”  ”  1523  jj  log  (l  -  -j£) 

o 


where  H  le  now  in  nautical  miles  and  C  is  the  lbe.  of  ruel  per  hour  per  lb.  of 
thrust,  and  Wj.  is  the  ratio  of  the  fuel  to  initial  gross  weight.  Under  the 

hypothesis  of  this  study;  namely,  level  flight  at  a  oonstant  veloolty,  the 
specific  fuel  consumptions  of  the  engines  are  determined.  Henoe,  from  equation 
(4),  the  maximum  range  will  be  obtained  when  L/D  Is  a  maximum.  Or,  in  other 
words,  T/W  must  have  a  minimum  value.  Equation  (2)  ehows  that  T/W  (for  con¬ 
stant  speed  and  altitude)  Is  a  funotion  of  the  three  variables,  Op,  W/3  and 
ARa.  These  three  variables  are  not  Independent.  Nevertheless,  within  the 
range  of  practical  conetruotlon  limits  there  exists  at  least  one  eet  of  these 
values  which  gives  T/W  Its  minimum  value.  The  exact  determination  of  the 
values  cannot  bs  obtained  precieely  without  making  detail  designs.  Here  only 
estimates  of  these  quantitlee  were  made.  After  oareful  observation  of  test 
results  and  theoretical  oalculations,  the  drag  curve  ae  a  funotion  of  Mach 
number  given  In  Fig.  fel  wae  assumed  to  be  the  best  attainable.  In  order  to 
obtain  this  drag  coefficient  the  angle  or  sweep  of  the  wing,  the  wing  eectlon 
and  the  planform  of  the  mlselle  were  all  varied  with  the  Mach  number.  In 
other  words,  the  curve  doee  not  represent  the  coeffiolent  of  one  oonf lguratlon, 
but  an  envelope  of  coefficients  for  a  series  of  configurations.  Moreover,  In 
order  to  eliminate  the  dependence  of  CQ  on  scale  effects,  it  wae  assumed  that 
the  mleslle  is  a  flying  wing.  Next,  the  effective  aepeot  ratio  of  all  the 
missiles  was  cnosen  to  be  either  4  or  8;  8  at  eubsonlc  Mach  numbers  and  4  for 
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all  other  condition*.  It  1*  obvious  from  equation  (2)  that  other  thing*  being 
equal,  the  greater  the  aapeet  ratio,  the  eaaller  the  value  of  T/W.  Unfortuna¬ 
tely,  other  things  do  not  remain  equal.  Not  only  doee  the  aspect  ratio  have 
an  effeot  upon  CD  but  alao  upon  the  etructural  weight.  As  a  compromise,  the 
above  values  were  chosen. 

It  was  assumed  that  average  values  of  W/S  lie  in  the  Interval  from  10 
to  200.  After  the  value*  of  Cg  and  AR#  were  determine^,  then  W/S  was  taken 
to  be  the  value  in  the  above  interval  which  make*  T/W  a  minimum.  The  value* 
in  the  Interior  of  the  Interval  are  determined  from  the  relation* 

(8)  W/S  -  2630  yfi  6  VCD  AR«  (M  <  1)  (6«)  W/a  ■  ??7j>  **  $  (M  >  1) 

(H*  -  1)  **8 

whloh  were  obtained  by  equating  to  eero  the  derivative  of  T/W  with  reepeot  to 
W/S.  (This  Is  somewhat  in  error  elnce  It  was  assumed  that  neither  Cpnor  AR 
are  functions  of  W/S).  When  the  value  of  W/S  was  greater  than  200  or  lees 
than  10,  the  end  values  200  and  10  respectively  were  taken. 

After  the  minimum  value  of  T/W  and  the  specific  fuel  ooneumptlon  of  the 
engine*  have  been  determined,  the  percentage  of  fuel  weight  of  the  initial 
gross  weight  required  for  the  various  ranges  Is  computed  from  equation  (4), 

The  weight  of  the  fuel  tanks  Is  assumed  to  be  12  per  cent  of  the  fuel  weight. 

The  percentage  of  the  total  weight  required  for  structure  was  assumed  to 

depend  only  upon  the  wing  loading.  According  to  a  statistical  and  analytical 

study  of  wing  weights  by  Kelley  the  percentage  of  etructural  weight  is 

Inversely  proportional  to  the  wing  loading  to  the  .21  power.  Since  this  re- 

(15) 

latlon  seemed  to  check  ve 'y  closely  with  other  etruotural  studies.  It  was 
adopted  here,  and  the  oonetant  of  proportionality  was  determined  so  that 
V 

3  =  .25  when  W/S  B  100.  Or  stated  In  algrbralo  form  It  was  assumed  that 
■o  " 


I.  Engines 

I.  Oeneral  considerations. 

This  seotlon  outlines  the  considerations  whloh  are  common  to  a  majority 
of  the  engines. 
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1.  The  sit*  of  the  engine  la  determined  by  the  thruat  re¬ 
quired.  The  ratio  of  the  weight  of  the  engine  to  the 

thruat  delivered  le  determined  for  the  apaolflo 
T* 

engines .  The  product  of  thle  quantity  and  the  thruat 
over  Initial  gross  weight  required  gives  the  fractional 
portion  of  the  initial  weight  required  for  the  engine 


2.  T.t  la  aaaumed  that  the  minimum  epeolflo  fuel  consumption 
la  maintained  tnroughout  the  flight.  Since  in  the  aero¬ 
dynamic  consideration  It  was  assumed  that  the  minimum 
value  of  T/tf  le  maintained  throughout,  the  thruat  must 
continually  reduce  aa  the  fuel  le  consumed.  Thle  re¬ 
quires  throttling  or  cutting  off  some  englnee  which 
cannot  be  aocompllshsd  without  Increasing  the  specific 
fuel  consumption  because  the  engine  operation  le  con¬ 
sidered  only  at  the  optimum  point.  So  to  satisfy  this 
hypothesis.  It  la  assumed  that  there  Is  a  continuum  of 
engines  all  operating  at  the  Ideal  point  and  that  ths 
power  la  reduced  continuously  by  cutting  off  engines. 

The  weight  of  the  engines  la  carried  throughout  the 
flight. 

3.  The  assumptions  made  regarding  the  ram  pressure  re¬ 
covery  were  ths  same  for  all  airflow  engine  .  At  subeonlo 
speeds  the  total  pressure  recovery  was  assumed  to  oe 

46%  of  the  ram.  At  supersonic  speeds  the  total a 
pressure  recovery  wae  baaed  upon  the  assumption  of  an 
Oawatltsch  diffuser,  which  produces  two  oblique  shocka 
followed  by  one  normal  shock.  The  resultant  total 
pressure  head  given  under  this  assumption  In  reference 
(l6)  was  reduced  by  2%  to  allow  for  the  loss  in  the 
subsonic  part  of  the  diffuser. 

4.  It  Is  assumed  that  ths  Jet'  velocity  of  all  engines 
Is  .98  per  cent  of  the  theoretical  attainable  when 
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tha  expansion  la  to  ataoaptaerio  preeeure.  Xn  order  to 

achieve  thia  it  la  necessary  to  have  oonvergent-divargent 

nozzles  for  moat  regiona  of  operation.  Xn  cases  vhere 

there  is  an  increase  in  projected  area  resulting  from 

nozzle  divergence,  it  ia  aaaumed  that  the  additional 

drag  ie  included  in  the  drag  coefficient.  This  has  an 

equalizing  effect  on  the  drag  for  the  configurations 

for  the  various  engine  types.  -f 

Specific  Engine  Hypothesis 
TURBO-JET 

The  turbo-jet  engines  referred  to  in  thia  report  are  theoretically 
possible  engine  designs  (only  axial  flow  compressor  considered)  as 

(k) 

determined  by  DR  Report  No.  1032  .  The  object  of  this  latter  atudy 

was  to  find  the  optimum  combination  of  compression  stages  and  top 
temperatures  for  turbo-jets  operating  at  various  altitudes,  speeds, 
and  ranges;  optimum  being  defined  as  that  which  will  result  in  a 
minimum  total  fuel  plus  engine  weight  required  to  meet  a  prescribed 
set  of  operating  condltlone,  altitude,  speed,  and  range  (or  time). 

The  uniqueness  of  thia  latter  report  llee  in  the  fact  that  time 
(or  range)  la  one  of  the  design  parameters.-  Xt  is  evident  that 
for  short  ranges  the  engine  weight  is  the  prime  fector  to  be  taken 
into  consideration  since  total  fuel  consumption  is  comparatively 
small;  while  for  long  ranges  the  converse  is  true.  Since  the 
number  of  compression  stages  (and  hence  the  compression  ratio)  is 
one  of  the  Important  parameters  of  specific  fuel  consumption  and 
engine  weight,  performance  and  weight  calculations  were  made  for 
engines  containing  0-20  compression  stages.  These  calculations 
ware  made  for  velocities  of  -  150  to  750  miles  per  hour. 

The  same  procedure  was  employed  here  to  extend  the  results  to 
a  Mach  number  3  such  that  they  are  applicable  to  any  present 
or  near  future  problems  to  be  fulfilled  by  turbo-jet  powered 
vehicles. 
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By  adding  the  engine  weight  of  a  particular  design  to  the 


weight  of  fuel  required  for  thle  engine  to  operate  for  a 
specified  time  under  specified  conditions,  and  comparing  this 
result  with  other  designs  operating  for  a  like  time  and  under 
similar  conditions.  It  was  possible  to  determine  which  engine 
mst  ths  "optimum*  requirement.  By  varying  flight  times  ae 
well  ae  operating  conditions,  several  series  of  points  were 
established  and  plotted.  From  these  graphs  the  engines  for 
this  study  were  selected.  The  fuel  consumption  la  computed 
according  to  the  methods  of  the  referred  report.  The  number 
of  compression  stages  required  decreased  with  Nach  number 
until  It  reduced  to  zero  or.  In  other  worde,  until  the  engine 
became  a  ram-jet.  Tnle  always  occurred  before  M  =  3.0  wae 
reached.  The  engine  Is  called  a  turbo-jet  so  long  as  It  has 
at  least  one  compressor  and  turbine  stage. 

The  basic  assumptions  In  calculating  the  performance 
characteristics  of  these  engines  are  as  follows: 

(a)  Compression  ratio  Is  equal  to  1.2  per  compressor 
stage. 

(b)  Compression  ratio  across  the  turbine  Is  .665  per 
turbine  stage. 

(c)  The  email  stage  efficiency  le  .90  for  both  the 
compressor  and  the  turbine. 

An  additional  assumption  employed  herein  le  that  of  metallurgical 
limitations.  The  limitations  are  the  following:  those  engines 
operating  for  a  period  of  sixty  minutes  or  lees  were  limited  to  a 
top  temperature  of  2000°R;  while  those  operating  for  periods  of 
longer  than  sixty  minutes  could  not  exceed  a  top  temperature  of  1S00°R. 

The  fuel/alr  ratios  for  these  engines  varied  within  the  approximate 
range  of  .003  to  .045,  dependent  upon  ths  enthalpy  rise  In  the  combus¬ 
tion  chamber  required  to  meet  the  conditions  set  by  the  assumed  operat¬ 
ing  temperatures.  It  was  assumed  the  weights  could  be  determined  by 
an  equation  of  the  following  form: 
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64-  .21 

wE  =  3.5*  Nc  ^  +(*A  Nt  ♦  6.09)  *  64.1  ^*A  jgLj 

where  N  and  N  represent  the  number  of  compreesor  stages  and 
C  T 

number  of  turbine  stages,  the  weight  of  the  engine,  and 

h  A 

the  airflow  through  the  engine  In  pounds  per  second.  The  con¬ 
stants  used  were  determined  empirically  and  are  based  upon  engines 
designed  to  operate  for  many  hours  at  low  speeds.  Hence,  the 
weights  may  be  heavier  than  are  required  for  expendable  engines 
which  operate  for  a  short  period  of  time  at  subeonlc  creeds. 

TURBO-JET  WITH  AFTERBURNINQ 

The  deelgn  data  of  the  turbo-jets  with  afterburners  used  herein 
are  also  taken  from  DR  Report  No.  1032.  The  method  used  for  de¬ 
termining  these  engine  designs  Is  the  same  as  for  the'  turbo-jet. 

Basis  for  performence  and  weight  calculations  are  essentially 
the  eame  as  for  the  turbo-jet  plus  e  few  additions.  They  are: 

(a)  The  ratio  of  the  temperature  Increment  produced  by 
the  afterburner  Is  to  the  combustion  chamber  tempera¬ 
ture  ac  900  la  to  2600,  and  the  total  entropy 

loss  In  the  afterburner  Is  assumed  to  be  .0028  BTU/lb./°R. 

(b)  The  fuel/alr  ratios  for  these  engines  were  higher  than 
those  of  the  turbo-jet  because  of  the  additional  fuel 
required  in  the  afterburner  and  varied  from  approximately 
.0075  to  .065.  NOTE:  The  afterburner  le  assumed  to 
operate  during  the  entire  flight. 

(c)  The  added  weight  of  the  afterburner  le  equal  to  three 
times  the  weight  of  the  engine  airflow  per  second. 

RAM-JET 

The  efficiencies  of  the  engine  components  other  than  thoee  for 
the  dlffueer,  which  have  been  previously  coneldered,  will  now  be 
discussed. 
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Coabut t Ion  Chamber  Tbs  combustion  efficiency  is  assumed  to  be  lOQJf; 
that  is,  the  BTU's/lb  fuel  imparted  to  the  air  etreaa  la  equal  to 
the  heating  value  of  the  fuel  (18,700  BTU/lb.  fuel).  However,  the 
preseure  losses  due  to  the  combustion  processes;  l.e. ,  frictional 
and  momentum  losses,  were  estimated  from  reference  (4o). 

No  assumption  has  been  made  regarding  combustion  chamber  inlet 
speed  except  that  the  latter  and  the  prescribed  fuel/alr  ratios  do 
not  result  in  choking  within  the  combuetion  chamber.  Thus,  one 
of  the  design  parameters  would  be  the  fulfillment  of  the  above  condi¬ 
tion. 

Nos tie  It  is  to  be  noted  that  a  convergent-divergent  nottle  is 
essential  in  the  region  of  operation  for  the  ram-jet  (N  -  2.0  -  3.0) 
since  an  underexpanded  nossle  will  result  in  a  lose  of  thrust  Vjt 
which  is  many  times  the  loss  in  thrust  produred  by  the  increased  drag 
created  by  a  convergent-divergent  nossle. 

The  eetlmated  weights  per  lb.  of  thrust  of  the  ram-jet  snginec  con¬ 
sidered  were  taken  from  reference  (l).  However,  a  epot  check  of  the 
weights  indicated  that  the  estimated  weights  per  lb.  of  thruet  are  too 
large  by  a  factor  of  2  in  the  subsonic  region  and  too  small  by  3-10 
times  in  the  supersonic  region.  The  latter  figure  of  "10“  le  applicable 
to  the  weights  per  lb.  of  thrust  equal  to  o/  .005.  The  resultant  error 
of  the  weights  used  may  be  offset  here  by  the  assumed  value  of  12J<  for 
the  tankage  factor  (weight  tank  s  12Jt)  of  weight  fuel.  Even  if  the 
last  point  is  neglected  the  error  in  estimated  weight  results  in  an 
error  of  200  -  4oc  miles  for  the  obtainable  range. 

It  was  found  that  the  weight  of  the  ram-jet  engine  is  negligible 
In  comparleon  with  the  fuel  weight  required  even  for  short  operating 
times.  Therefore,  the  optimum  engine  is  that  engine  which  has  the 
lowest  specific  fuel  consumption.  Prom  the  analysis  made  the  thrust 
apaolfio  fuel  consumption  as  a  function  of  fuel/alr  ratio  was  found 
to  be  a  continuously  increasing  function  between  the  P/A  values 
.01  -  .04  at  all  operating  conditions.  As  the  basin  required  to  de¬ 
termine  the  lower  limit  of  the  fuel/alr  ratio  which  can  sustain 
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combustion  doss  not  exist  and  the  lowest  fuel/alr  ratio  ussd  gives 
the  lowest  specific  fuel  consumption,  which  In  turn  results  In  the 
optimum  engine,  two  ratios  were  sssumed  for  this  study;  namely, 

.01  and  .03.  The  latter  Is  an  approximate  existing  lower  limit, 
end  the  former  Is  an  anticipated  value.  The  Justification  for  con¬ 
sidering  this  as  an  anticipated  value  Is  the  experimental  work  of 
Pabst^0^,  which  Indicated  normal  combustion  at  .01  with  combustion 
chambsr  Inlet  speeds  up  to  450  ft/aec. 

With  the  assumptions  outlined  in  the  above  paragraphs,  the  values 
of  specific  fuel  consumption  as  a  function  of  Mach  number  for  different 
altitudes  were  found  and  are  given  In  Pigs.  63  and  64. 

PUL3E-JST 

The  pulee-Jet  engine  was  treated  here  on  the  basis  of  a  thermody¬ 
namic  cycle  simulating  pulee-Jet  operation  (see  Pig.  1);  that  Is, 
constant  volume,  constant  pressure  combustion.  To  date,  two  types 
of  theoretical  treatments  exist:  (1)  theories  tailored  to  satisfy 
the  data  on  the  Herman  V-l;  (2)  sophisticated  treatments  not  readily 

applicable  to  a  study  of  this  type.  The  calculated  performance  Is 
only  as  valid  as  the  assumptions  made.  The  methoa  uaca  for  the 

calculations  will  be  considered  In  detail  after  a  dlpcuselon  of 


The  pulse-Jst  as  considered  here  consists  of  a  pressure  recovery 
device,  valve  bank,  and  duct.  In  the  superson’ s  region  the  cnglre  1 
shrouded  completely  and,  therefore,  operates  In  a  6ub6onlc  medium 
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whose  pressure  Is  ram  pressure.  The  duct  geometry  must  conform  to 
assumptions  msoe  herein;  however,  the  general  shape  Is  a  conical 
valve  bank  followed  by  a  continuously  diverging  tube.  To  avoid 
velocities  greater  than  sonic  st  the  nozzle  exit  at  high  subsonic 
flight  speeds  and  still  obtain  complete  expansion,  an  auxiliary 
nozzle  is  required  (see  accompanying  sketch). 


Schematic  Diagram  of  Partially 
Shrouded  Pulse  Jst. 


Assumptions 

1.  The  spring  constants  of  the  valves  can  be  modified  ror  each 
altitude  and  speed  so  that  no  leakage  through  the  valves  occurs. 

2.  The  ratio  of  peak  combustion  chamber  pressure  to  free  stream 
pressure  Is  given  In  Table  1  where  In  the  supersonic  case  P.^  Is  the 
apparent  pressure  and  18,  therefore,  the  ram  pressure. 

Table  1.  Pressure  Ratios  for  Pulse  Jet 


Mach  No. 

P2/P 

0 

'*"i 

•  50 

5 

.85 

5 

1.0 

3.8 

1.5 

3.5 

2.0 

3.o 

3.0 

2.5 

The  reduction  of  P^^P^  at  supersonic  speeds  Is  to  avoid  excessive 
pressures  and  temperatures  In  the  combustion  chamber. 

It  Is  felt  that  the  possibility  of  obtaining  the  ratios  given  In 
Table  1  will  be  a  reality  when  decreased  burning  time  1°  accomplished. 
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3.  The  efficiency  of  Intake  of  the  air  passing  through  the 
valves;  l.e.,  resultant  total  pressure  Is  assumed  to  be  as  follows: 
Table  2.  Pressure  Efficiency  of  Valve  Intake. 


Mach  Ho. 

7v 

.50 

.80 

■  85 

•  75 

1.0 

.72 

1.5 

.70 

2.0 

.68 

3.0 

.65 

These  efficiencies  separate  from  the  diffuser  efficiencies,  ^  ,  which 

are  common  to  all  the  engines,  as  given  In  Section  B.l. 

4,  The  fundamental  assumption  made  here  Is  with  regard  to  the 
combustion  efficiency,  ;  that  Is,  the  ratio  of  BTU'e  obtained 
per  lb.  of  fuel  to  the  heating  value  of  the  fuel.  Experimental  data 
are  conspicuous  by  their  absence;  therefore,  estimates  were  made  that 
are  seemingly  In  the  right  direction. 

As  defined  hare  the  combustion  efficiency  determines  the  operating 
fuel/alr  ratio  for  the  engine.  The  excess  of  fuel  above  the  theoreti¬ 
cal  fuel/alr  ratio  Is  consumed  In  the  engine  by  either  reheating  the 
coobuetlon  products  or  remaining  unburnsd.  On  the -basis  outlined 
here,  fixed  p^  and  t^,  Increasing  t^  along  constant  pressure  line. 
Indicates  Increased  burning  time  and,  therefore,  a  decrease  In  com¬ 
bustion  efficiency.  Boms  representative  values  of  combustion  effi¬ 
ciency  used  hers  are  given  In  Table  3. 

The  available  experimental  performance  data  for  eeveral  types  of 
pulse-jet  engines  were  compared  with  the  theoretically  computed  per¬ 
formance  based  on  combustion  efficiencies  comparable  to  those  lleted 
above  and  good  agreement  was  obtained  (l£  deviation). 

It  le  further  assumed  that  combustion  at  all  flight  conditions 
can  be  sustained  at  fuel/alr  ratios  frjsi  .03  to  .05.  The  latter  Is 
found  to  be  possible  experimentally.  The  former  fuel/alr  ratio  occurs 
In  this  Btudy  only  at  supersonic  flight  speeds  witn  the  air  stream 
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Table  3 .  Sample  Values  of  Combustion  Efficiencies 
for  Pules  Jat. 


Mach  No. 

Fell 

Temperature  °R 

Combustion 

Efficiency 

Sea  Level 

25,000 

35.000 

50,000 

fo,o00 

.5 

3000 

ll 

5° 

45 

38 

30 

3300 

42 

36 

28 

20 

.85 

3000 

§5 

60 

58 

50 

45 

3300 

60 

53 

47 

40 

35 

1.0 

3000 

75 

7s 

70 

65 

63 

3300 

65 

60 

55 

48 

43 

1.5 

3000 

80 

77 

ll 

7° 

65 

3300 

75 

70 

60 

55 

2.0 

3500 

4000 

95 

92 

90 

88 

85 

90 

.  87 

85 

80 

75 

3.0 

4000 

95 

95 

90 

88 

88 

properties  being  t  ~  SOO  -  l400°R  and  speed  v  ~  300  ft/aec.  Thus, 

1  1 

It  Is  safe  to  assume  that  combustion  under  these  condltlone  can  be 
sustained  at  a  fuel/alr  ratio  a  .03. 

At  subsonic  speeds  the  weight  of  engine  par  lb.  of  thrust  was 

(  3s) 

obtained  by  an  extrapolation  of  3R500A'  '  data,  using  the  above 

efficiencies.  A  further  extrapolation  (in  proportion  to  ram-jet 
estimates)  was  mads  for  supersonic  speeds.  The  proportionality 
factor  wae  ths  ratio  of  combustion  chamber  preaauree  of  the  respec¬ 
tive  engines. 

As  with  tha  ram- Jet  the  weight  of  the  pulse-jet  engine  le  negligible 
In  comparison  with  fuel  weight  required  even  for  short  operating  times. 
Therefore,  the  optimum  engine  is  that  engine  which  hae  the  lowest 
specific  fuel  consumption. 

Since  these  curves  differ  from  the  usual  ones  presented,  wherein 
the  specific  fuel  consumption  for  various  speeds  and  altitudes  re¬ 
mains  constant,  a  short  explanation  Is  given.  First,  precise  data 
of  s.f.c.  variation  with  altitude  are  non-exietent  and,  therefore, 
any  theoretical  calculations  should  consider  the  pulee-Jet  ae  an 
engine  which  operates  best  (If  at  all)  in  high  density  air.  Secondly, 
the  variation  of  specific  fuel  consumption  with  speed  would  show  a 
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decrease  In  C  If  the  design  point  of  the  valves  Is  changed 
continuously.  As  a  further  aid  to  the  reader,  a  brief  sugary 
of  the  performance  method  In  step-by-step  form  Is  now  given  (consult 
Pie.  1  for  cycle  representation). 

Step  l:  Find  the  conditions  at  point  1. 

■ (1  *  V 

..here  V  -  1.4  and  tQ  lc  free  stream  static  temperature. 

5T=(i^V)  ^ 

where  r-  1.4  and  pQ  Is  free  stream  static  pressure. 


(Pi  )  —  (p  )  /_ 

act.  1  leentroplc  *?V  *  r D 


The  values  of  ^  and  Ui  are  obtained  from  Ref.  (lg). 

Step  2:  From  point  1  to  point  2  a  constant  volume  combustion 
process  Is  assumed;  therefore,  the  cnangea  In  the  Internal  energy 
should  be  considered.  The  expression  for  this  change  la: 

W-v/^-0  (.) 


-  CUlgC  ib; 

— 2 ■  h -  s'  w-ViO-*)  (4i 

or  i 

.  c  /R  p  \ 

4u  =  u„  -  u - t  /  1  2  ,  1 

2  1  p7  -1/  (5) 

(See  Ref.  (17)  for  valuos*of  R1  and  R  ). 

Prom  the  assumed  values  of  given  In  Table  1,  <du  can  be 

computed.  The  value  of  hg  and  tg  can  be  found  (see  Ref.  (IS). 

Step  3:  Prom  point  2  to  point  3  a  constant  pressure  combustion 
process  Is  assumed.  Further,  by  fixing  the  peak  temperatures,  t  , 
h3  can  be  found  from  Ref.  <ig)  and  corrected  to  account  for 
combustion  products. 


Step  4:  From  point  3  to  point  4  complete  expansion  1.  assumed; 

1,e*»  Pk  =  P  . 

4  o 

*4  can  be  found  directly  from  the  air  charts  In  the  following 
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Prom  t^,  a  value  of  Pr  ^  la  found  where  Tr  ie  the  preeaure 
ratio 


3  \4oo°S/ 

which  includee  the  variation  of  Tt  with  temperature. 
Therefore, 


Pr  -ip,, 

4  P,  3 


P 

1  "3 


With  the  value  of  Pr  given,  h^  ia  found  from  the  air  charta. 
The  average  Jet  velocity  ia  then  given  by  the  expreaaion: 

V 

and  cince  thia  prooeas  ia  98 %  efficient 


actual 


s  .98  v/zgJO^  -  h?). 


Step  5: 

The  fuel/air  ratio  le  found  from  the  expreaaion: 

V  ♦ -  v)  " 

or, 

-a  _  ^°H _ x 

*f  '  <hj  "  h2>  *  (u2  “  V 


From  whence  one  obtaine 


Wf=  <N  -  V  *  <ug  -  2 

^CH  "  h2>*<U2  “  “l^ 

when  tI  qh  >y  -  hg)  ♦  ^ug  " 


<h_  -  h  )  r  («  -  «> 
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Step  6: 

The  specific  fuel  coneuoptlon  con  now  be  derived. 

s  y  T 

c  =  3600  fl  =  3600  Y- /  — 

where  T/«  is  the  reeultent  of  etepe  1— and 
a 

17  -  B  [(1  *  Tf  }  Vj  -  VoJ 

where  A  =  lb. /sec. 


(11) 


(12) 
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To  find  the  absolute  values  of  thrust,  fuel  flow,  and  airflow,  steps 
7  and  S  are  given. 

Step  7s 

The  total  fuel  coneumed/cycle  Is 


lb. fuel  _  w 
cycle  “  k 


*f 


where  W 


A  t  lb. /cycle 


(13) 


where  Is  defined  by  equation  (10).  , 

Then, 

lb. fuel  _  cycles  lb. fuel 
sec.  ~  sec.  ’  “cycle 

The  airflow  (W^)  must  be  estimated  separately  for  each  engine, 
good  first  approximation  can  be. made  as  follows: 

(a)  find  total  volume  of  engine 

(b)  take  1/7  of  this  volume  and  find  the  weight  of 
the  air  that  occupies  this  volume  at  a  pressure 
equal  to  ram  pressure.  This  Is  Indicated  by  the 
work  of  Schnldt  as  reported  In  Ref.  (38)  as  the 
quantity  of  air  participating  In  the  first  charge. 

(c)  The  airflow  (lb. /cycle)  Is  then  .4  of  the  value  of 
the  air  weight  given  In  (b).  The  quantity  (.4)  Is 
approximately  the  ratio  of  the  area  of  one  air  Intake 
portion  of  grill  to  combustion  chamber  cross  sectional 
area  and  Is  found  to  be  on  the  average  (.4)  for  all 
existent  engines. 
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Froir  (tap*  1-4  ana  obtains 

Thrust  u  'i  -  ’.]  1151 

where  tha  quantltle*  t0  la  given,  Tj  la  oomputed  and  *  *06. 

Tha  lattar  aatlmatlon  raaulta  In  a  snail  arror  for  tha  Tslues  of 
thrust  alnoa  varies  from  •05  to  *06  In  this  study*  The  oom¬ 

putad  ralus  of  WA  Is  aubstitutad  Into  aquation  (11)  and  the  thrust 
la  obtained* 

If  experimental  data  are  aral labia s  1  •* •  f  thrust  and  fuel  flow,  oom- 
bustlon  afflolanolas  ean  be  fotmd  Immediately  with  tha  use  of  the  es¬ 
timated  airflow  and  the  experimental  Talus  of  e.f.e.  should  equal  the 
theoretloal  one  found  by  Step  8. 

ROCKET 

Slnoe  low  Taloeltlaa  era  unsatisfactory  conditions  for  roeket 
propulsion,  tha  first  estimate*  shown  In  Pig*.  1-50  for  Maeh  No.  <  1 
era  not  basad  upon  an  optimised  angina  but  upon  an  existing  liquid  rookat 
RMI  A6000  C*  (alcohol  and  oxygen  fuel  system)  where  the  Increase  in  thrust 
due  to  altitude  was  glean  due  consideration.  At  Taloeltlaa  greater  than 
Mach  No.  1,  In  the  construction  of  Figs.  51-60,  rtileh  glee  the  best  engine 
for  various  speeds  and  ranges,  optimised  rocket  engines  employing  liquid 
hydrogen  and  liquid  oxygen  fuel  were  used. 


Illustrative  Examples  of  Use  of  Charts 

Given  Conditions 

Altitude  -  £5,000  ft. 

Speed  -  Constant  M  ■  l.S 
Rang*  1700  nautical  miles 

Problem  It  Find  Optimum  engine 

Solution:  (a)  From  graph  No.  57  It  Is  seen  that  tbs  coordinates  of 

the  range  and  Mach  No.  for  the  given  conditions  lnterseot  in  the  region 
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of  the  raja- Jet  whose  F/A  =  .01.  (b)  If,  however,  the  fuel/*!'  ratio  .01 

cannot  be  attained,  then  one  must  enter  graph  52.  Here  the  pulse-jet  la 
the  optimum  engine  for  the  given  oonditlona. 

Problem  2i  Find  Minimum  Oroea  Weight  (after  reaching  the  preeorlbed  flight 
oonditlona)  of  vehicle  to  carry  a  payload  =  2400  lba. 

Solution!  (a)  If  aoluticn  la  is  used;  i.e.,  ram-jet  engine,  then 

interpolate  between  graphs  39  and  40  and  find  that  the  maximum  payload 

percentage  ie  12*5.  Therefore,  the  minimum  gross  weight  (as  defined 

In  problem)  is  2400  «  19,200  lbs. 

•  1£E 

It  is  to  be  noted  that  In  this  aeries  of  graphs  those  which  represent 
payload  percentage  other  than  SOjl  were  put  on  transparenoies  for  ease 
in  interpolating  or  extrapolating,  (b)  If  solution  lb  is  preferred; 
i.e.,  pulse-jet  engine,  use  of  the  same  graphs  (Hob.  39  and  40)  indicate 
a  maximum  payload  par oen tags  of  6.1  and,  therefore,  a  minimum  gross  weight 
Of  2400  .  39,360  lbs. 

TS8T 

Problem  Si  Find  maximum  payload  if  gross  weight  of  vehiole  Is  Had  ted  to 
19,200. 

Solution!  (a)  Use  of  graphs  39  and  40  again  show  the  same  allowable 
payload  peroentagea  as  before;  12.6)1  if  the  ram- jet  whose  F/A  *  0.01  is 
used,  and  6.1JC  if  the  pulse- Jet  is  used.  From  these  figures  the  "dm 
payload  le  found  to  be  (.126)  (19,200)  a  2,400  lbs.  for  the  ram- jet  and 
( .061) (19,200)  ■  1,170  lbs.  for  the  pulse-jet. 

Slnoe  faotora  other  than  minimum  weight  must  be  taken  into  consideration 
(launohlng  problems,  availability  of  materials  and  tools  for  production, 
economy,  etc.)  oare  should  be  taken  before  a  final  engine  choice  is  made. 

It  le,  therefore,  advisable  to  evaluate  the  relative  merits  of  different 
engine  types  and  compare  these  with  those  of  the  engine  chosen  on  the  basis 
of  minimum  weight  or  maximum  payload  estimation  alone.  Then,  if  it  is  found 
that  several  different  engins  types  will  give  similar  performance,  the  final 
choioe  will  depend  upon  factors  other  than  those  on  which  this  study  is  bssed 
For  instance,  the  flight  requlrsments  of  the  problems  may  also  be  met  by 

the  turbo-jet  engine.  Interpolation  between  graphs  39  and  40,  once  again, 
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Indicates  that  the  turbo- Jat  can  meat  the  requirements  of  range,  epaad,  and 

altitude  with  a  maximum  payload  percentage  of  1.7.  From  this  the  maximum 

pajrload,  if  groaa  weight  ia  limited  to  10, £00  lba.,  ia  found  to  be  ( .017) 

(19, £00)  a  327  lba .  for  the  turbo-jet  vehicle  as  compared  with  the  £.400  lbe* 

payload  of  the  ram- Jet  vehicle.  If  the  payload  deaired  is  2,400  lbe., 

£400 

then  the  groaa  weight  of  the  turbo-jet  miaaila  will  be  — *  141,000  lba. 
as  compared  with  19,200  lbs.  for  ths  ram-Jdt  miaaila.  With  these  or  similar 
figures  in  mind,  it  ia  possible  to  approaoh  the  problem  with  a  knowledge  of 
the  affect  upon  the  vahicla  performance  if  an  angina  other  than  that  dictated 
by  gross  weight  evaluation  is  to  be  considered. 

Graphs  36-60  are  merely  eroaa  plots  of  graphs  1-36;  tha  farmer  are  a 
representation  of  upper  bounds  of  attainment  for  aircraft  with  various  engines 
and  various  payload  percentages,  tfiila  the  latter  is  a  aerlss  representing 
the  percentage  of  ths  gross  weight  of  tha  miaaila  required  exclusive  of  the 
payload,  plotted  versus  range,  at  a  apeeifisd  altitude  and  Mach  number.  In 
this  latter  group  100%  minus  tha  naceasary  percentage  of  groea  weight  aa 
determined  by  ranga,  velocity,  and  altitude,  will  he  tha  maximum  allowable 
payioad  percentage.  Therefore,  whan  operating  conditions  to  ba  met  are  iden¬ 
tical  with  those  of  charts  1-36,  it  is  advlaabla  to  refer  to  thaaa  latter 
oharta  for  performance  evaluation. 

It  is  to  be  noted  in  this  asrlea  of  graphs  that  Shsnavar  a  particular 
design  type  has  not  been  abls  to  exoeed  tha  100  mile  range  under  the  given 
conditions,  it  has  been  omitted;  for  exampla,  the  rocket  la  not  shown  in 
chart  No.  4  and  the  turbo-jet  la  not  shown  in  chart  No.  3£. 
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FIGURE  1C  -  Ratio  of  v fight  of  engine,  fuel,  TANKS  and  structure  to  initial  gross  weight  vs.  range 
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QHT  OF  ENGINE.,  FUEL,  TANKS  ANE  STRUCTURE  TO  INITIAL  GROSS  ’.'.EIGHT  VS.  RANGE 
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FIGURE  22  -  RATIO  OF  WEIGHT  OF  ENGINE,  FUEL,  TANKS  ANL  STRUCTURE  TO  INITIAL  GROSS  '.'.EIGHT  VS.  RANGE 
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ABSTRACT: 


Comparison  is  made  of  the  turbo-jet,  turbo-jet  with  afterburning,  ramjet,  pulse-jet,  and 
liquid  rocket  engines  as  applied  to  the  special  problem  of  propelling  a  missile  In  level  flight  at 
a  constant  speed.  The  percentage  of  the  initial  gross  weight  required  for  the  engine,  the  airframe 
structure,  the  fuel,  and  the  tanks  were  each  determined  for  a  series  of  Mach  numbers  from  0.5 
to  3,  range  from  0  to  4000  nautical  miles,  and  altitude  from  0  to  70,000  ft  The  resulting  graphs 
were  used  to  obtain  upper  bounds  of  attainment  for  the  missile  with  various  percentages  of  pay- 
load  for  each  of  the  engines  In  order  to  determine  the  best  engine  for  a  given  region.  The  turbo¬ 
jet  predominates  In  the  subsonic  region  with  the  ramjet  and  pulse- jet  close  competitors  in  the 
supersonic  region.  Airflow  engines  with  a  .01  fuel/air  ratio  show  better  performance  than  those 
having  a  ratio  of  .03. 
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